The present technical note describes multi-turn injection by charge exchange of 2.4-GeV negative ions in a Accumulator Ring used as an intense Pulsed Spallation Neutron Source. The major concern of beam loss due to magnetic stripping of the negative ions is addressed. It is demonstrated that, despite the high energy of the ions and the limitation on the magnitude of the magnetic field, it is possible to control the amount of beam losses to a fractional value of better than loe5, as it is required to avoid latent activation of the accelerator components. The injection magnet system which accomplish this is described. The paper addresses also the concern of be& loss due to the 'same effect in the 2.4-GeV injector linear accelerator, and in the transport from the Linac to the Accumulator Ring.
Introduction
A scenario for a 5-MW Pulsed Spallation Neutron Source based on a 2.4-GeV Superconducting Linac injecting in a single Accumulator Ring has recently been proposed [ 11. The advocated advantage of the scenario is that, for the same power level, high beam energy reduces the demand on the beam current intensity and thus removes one of the major source of technical risk. To compress the beam to the required length (p) in the Accumulator Ring, multi-turn injection by charge exchange of negative ions is required. It is known that there is always a finite probability that beam loss may occur due to the stripping of the negative ions induced by the magnetic field the beam encounters on its path. The beam loss, and the consequent latent activation effects, can be controlled to a sufficiently low and safe level if the integrated magnetic field is kept sufficiently low.
The example discussed here, is the demonstration that it is indeed possible to inject by charge exchange a 2.4-GeV beam of negative ions by imposing that it travels on a trajectory which includes an integrated field not exceeding 1 kG-m. Under this assumption, beam losses due to magnetic stripping are then negligeable. Figure 1 outlines the proposed 5-MW Pulsed Spallation Neutron Source which makes use of a 2.4-GeV Superconducting Linac injecting in a single Accumulator Ring [ 11. General parameters of the Linac and of the Accumulator Ring are given respectively in Tables 1 and 2 . The following regions need estimate of beam losses due to magnetic stripping (see Figure 2) :
The Spallation Neutron Source
Because of the low energy ( -100 MeV ), we do not expect any significant effect in the normal conducting front-end linac section, and we shall leave this component out of our analysis.
As we shall see the effect is completely negligeable in the Superconducting Linac and in the Beam Transport. The problem of magnetic stripping can be handled during injection with a proper design of the magnet system.
A negative ion, traversing a distance I in a region where there is a magnetic field B, has a probability to be stripped, and thus lost, given by [2, 3] P = 1 -exp(-Z/Z,), '(1) where the stripping length with Al = 2.704 x cally I c< I,, and the stripping probability is small. kG-m, A2 = 149.j kG, and B is expressed in kG and I, in meter. TypiLet us assume that the ion is travelling through a sequence of magnets of different length, field, and at different energies, then the total stripping probability is ) where each element of the product corresponds to a magnet in the sequence. In the approximation that ( I / I, )i cc 1 for all magnets, we have
The Superconducting Linac
The Superconducting Linac [ 11 is made of three sections: the first from 100 to 300 MeV, the second from 0.3 to 1.2 GeV, and the last from 1.2 GeV to 2.4 GeV. Each section is made of a number of periods, as shown in Figure 3 : respectively 16,59 and 60. Each period consists of a cryomodule, which includes a number of accelerating cavities, and of a normal-conducting drift where quadrupole magnets are located. There are no bending magnets. The length of the periods varies from section to section, namely 5.746 m in the first two sections, and 6.499 m in the last section. We estimated magnetic stripping of negative ions that are constantly displaced by 5 G from the quadrupole axis, with c is the rms beam size. The cavity internal diameter is d = 10 cm. The ratio do of aperture to beam size is shown in Figures 4,5 and 6, together to the quadrupole gradient for each of the three linac sections. This information is used to determine G and G, and, thus, the beam loss due to the stripping in the magnetic field of the quadrupoles. The result is an integrated fractional beam loss of less than 10"Oo in the low-energy section, about 9.8 x lo-'' in the medium-, and 1.4 x in the high-energy section. These losses are entirely negligeable.
From these considerations, we would like to advise against the use of quadrupole doublets * for focussing, since typically they require a considerably higher field gradient, and are more numerous.
The Beam lkansport
The Beam Transport takes the beam from the end of the Linac to the point of injection into the Accumulator Ring. Because of the higher energy, space-charge effects are expected to be considerably less important. The following The magnet system for injection of the 2.4-GeV beam is shown in Figure 6 . It is assumed that injection occurs in the horizontal plane, so that bending is horizontal. Figure 6 gives then the plane view. What is being shown is an example that does not really need detailed design of the Accumulator Ring lattice. We only assume that the straight section is 26 meter long, with magnets arranged symmetrically around the middle-point. The insertion is dispersionless with a waist in the middle corresponding to p* = 20 m in both the horizontal and the vertical plane. The injected beam emittance is given in Table 1 , with the same value assumed in the two planes. These conditions should be easily accommodated by a detailed design of the ring lattice and the transport line.
The injected beam is directed straight from the end of the Linac to the horizontal bending magnet Bhl which is shared with the circulating beam. We allow enough clearance and safety margin by taking as the beam dimension 6 times the rms value.
The stripping foil is located between the two Bhl dipole magnets and has an area of 16 x 16 mm2 which matches the beam footprint at that location. The two Bh, dipoles are separated by 1 meter. A trajectory bump is initially created in the Accumulator Ring with a displacement xo = 50 mm, going through the centre of the stripping foil. The edge of the stripping foil is thus b = 42 mm away from the equilibrium orbit, corresponding to a betatron acceptance of 85 n mm mrad, which has been taken to be exactly 4 times the total beam emittance at the end of the multiturn injection process. Indeed the total emittance of the circulating beam was estimated assuming a bunching factor of 0.3, to yield a space-charge tune shift of 0.2. Beam parameters are listed in Table 2 .
The horizontal bump is created by four dipole magnets. As shown in Figure 6 , they are Bh2, Bhl and, then, placed symmetrically around the stri'pping foil, Bhl and Bh2 again. The magnets have a maximum field of 1 kG and a length of lm. To get the initial displacement of 50 mm the two dipoles Bh, and Bh2 are to be separated by 4.26 m.
With a waist p* = 20 m, the amplitude function does not very appreciably along the length of the insertion. The aperture requirement of the Bh, dipoles is thus: a width of 140 mm and a gap (*) As a comparison, if the integrated field is raised to 1.9 kG-m, the fractional beam loss increases to 0.7 x
IO-?
of 84 mm (*I to preserve the vertical and betatron acceptance, and to allow room for beam injection and the orbit bump. The aperture requirement of the Bh2 dipole is 86 mm in width as well for the gap. To avoid intercepting the incoming beam, the width of the backleg of this magnet is 42 mm. Such a magnet can be designed and built without difficulties.
Similarly there is also a vertical bump, created by Bvl and Bv2 each 0.4 m long with a maximum field of 1 kG. The separation between Bh2 and Bv2 is taken here to be 20 cm. Contrary to the horizontal bump, which has an initial large displacement, the vertical bump has zero displacement at the beginning of injection which then increases, as explained below, as injection proceeds.
The first focussing magnet is a.quadrupole Q located at a distance of 5.6 m from Bv2. The Q quadrupole has a bore radius of 50 mm to allow the required betatron acceptance. The width of the backleg is 102 mm to allow clearance of the injected beam.
Those negative ions that are not stripped (K) or that are only partially stripped (Ho) can be removed with a stopper, a 2-m long block of iron, which is located downstream of the injection point in such a way to clear the path of the circulating beam and, at the same time, to intercept both H-and Ho residual ions.
Excitation of the Orbit-Bump Magnets
The bending magnets, Bhl and Bh,, that create the horizontal orbit bump are excited by an exponentially-decaying pulse, namely the horizontal bending field varies according' to where Bo = 1 kG, and t = 0 is taken as the start of multi-turn injection. The bending magnets, Bvl and B v~, that create the vertical bump have, on the other hand, the following excitation waveform, with the same decay time z,
since the vertical displacement is zero at the start and then increases as multi-turn injection proceeds.
The decay time z is determined with the following considerations on the bump amplitude. The horizontal amplitude of the bump is given by e x = xoexp(-t/z).
We require that the beam injected fills up only one quarter of the betatron acceptance in either plane, so that at the end of the multi-turn injection process, when t = $, = 2.315 ms, (*)We have not included here the space required to accommodate the vacuum chamber.
which yields z = 4.26 ms. Similarly, the amplitude of the vertical bump is
which at t = fp takes the value y = yp = b I 2,'k it has been required.
The integrated bending field, horizontal and vertical, experienced by the negative ions as they are injected, is given by where 1, = 0.4 m and lh = 1.0 m. From Eq.s (5 and 6),
It iseasily seen that the integrated field never exceeds the value of 1 kG-m, as it was set initially as the condition to control the beam loss by magnetic stripping. 
